Abstract Drosophila research has been and continues to be an essential tool for many aspects of biological scientific research and has provided insight into numerous genetic, biochemical, and behavioral processes. As well, due to the remarkable conservation of gene function between Drosophila and humans, and the easy ability to manipulate these genes in a whole organism, Drosophila research has proven critical for studying human disease and the physiological response to chemical reagents. Methotrexate, a widely prescribed pharmaceutical which inhibits dihydrofolate reductase and therefore folate metabolism, is known to cause teratogenic effects in human fetuses. Recently, there has been resurgence in the use of methotrexate for inflammatory diseases and ectopic or unwanted pregnancies thus, increasing the need to fully understand the cytotoxicity of this pharmaceutical. Concerns have been raised over the ethics of studying teratogenic drugs like methotrexate in mammalian systems and thus, we have proposed a Drosophila model. We have shown that exposure of female Drosophila to methotrexate results in progeny with developmental abnormalities. We have also shown that methotrexate exposure changes the abundance of many fundamental cellular transcripts.
Introduction
In a few short years we will celebrate the 100th anniversary of T.H. Morgan's discovery of the role of chromosomes in heredity and the coveted ''whiteeyed'' fly. Since these initial discoveries, continuing research using Drosophila has uncovered many guiding genetic principles such as: chromosomes almost invariably contain genes, genes are mostly arranged linearly, chromosomes are often the basis of sex determination, and genetic linkage. As well, Drosophila research has revealed the harmful genetic consequence of ionizing radiation, pioneered DNA cloning and library screening, chromosome walking techniques, and genome-wide mutational screens. Such discoveries using Drosophila have been, and continue to be, critical for every aspect of biological scientific research.
Perhaps one other attribute that makes Drosophila such an enticing research model is the remarkable conservation of gene function shared with mammalian homologs. Examples of conserved gene function are genes involved in the Notch signaling pathway, homeobox genes for developmental pattern formation, cyclins for control of cell cycle progression, and genes involved in folate metabolism including the dihydrofolate reducase gene (Dhfr) which is homologous to human DHFR. In addition, there are a vast number of scientific tools available to Drosophila researchers that cannot be easily applied to a mammalian system such as the ethical manipulation of these genes to understand developmental expression pattern, loss-of-function phenotypes, and over expression phenotypes. This, in turn, has lead to the discovery and experimentation of Drosophila homologs to many human diseases including alphasynuclein involved in Parkinson's disease (Feany and Bender 2000) , the tumor suppressor p53 (Jin et al. 2000) , and an insulin receptor homolog (Fernandez et al. 1995) . It is not always feasible to investigate these genes and the proteins they encode in humans, however; they can be easily manipulated in a Drosophila system and applied to our understanding of human disease.
Conservation of gene function in Drosophila and mammals not only begins at the gene and protein level but extends to downstream and divergent processes comprising developmental regulation, circadian rhythm, neurodegeneration, and the physiological response to stress, including chemical reagents. Antifolates, such as methotrexate (MTX), inhibit the activity of DHFR in the folate pathway, and are examples of therapeutic pharmaceuticals that can produce, as an unfortunate side effect, the same toxic and teratogenic effects in Drosophila as they do in humans (Adam et al. 2003; Affleck et al. 2006b ). Due to the continued and even increased prescription of MTX for human disease, it is essential that the pathway of events following this treatment be fully understood. This is crucial in the case of teratogenicity. Thus, the focus of this review is the utility of a Drosophila model for the study of toxicity and teratogenicity following antifolate administration.
Dihydrofolate reductase from Drosophila and mammals
Folate, an important B vitamin, can be synthesized by plants and bacteria, conversely, mammals and insects must acquire folate through their diet (Dadd 1973) . Insufficient folate in the diet of human adults can lead to anemia and accumulation of homocysteine, which has been linked to heart disease (Weikert et al. 2005) and cancer (Fairfield and Fletcher 2002) . In pregnant mothers, deficiencies in folic acid are a well known cause of neural tube defects and anencephaly (Oakley et al. 2004) . Thus, it is not surprising folic acid is supplemented in certain grains (Malinow et al. 1998) and additional folic acid is prescribed during and post pregnancy (Fernandez-Ballart and Murphy 2001) .
DHFR is an essential housekeeping enzyme involved in the conversion of folate to its active form. In most organisms, DHFR catalyzes the reduction of folate to dihydrofolate (DHF) followed by a second reduction of DHF to tetrahydrofolate (THF). THF, the key product of DHFR activity, is used as a cofactor for the transfer of one-carbon units and THF-dependant reactions are essential for the biosynthesis of thymidylate, purines, and homeostatic levels of glycine, serine, and homocysteine (Kompis et al. 2005) . THF is also used by methionine synthase to produce methionine from homocysteine, which in turn, is modified by methionine adenosyltransferase to produce S-adenosylmethionine (SAM) (McKay et al. 2004) . SAM is the substrate used for methylation reactions catalyzed by DNA methyltransferases and plays a role in essential epigenetic mechanisms involved in correct genomic expression during embryogenesis. Given the crucial role of DHFR and folate in many biological processes and development, it is apparent why the inhibition of DHFR activity or a reduction in folate levels can produce teratogenic effects.
The physical properties of Drosophila DHFR are similar to that of mammalian DHFRs, with approximately the same molecular weights, two optimal pH values, and similar kinetic values for cofactors and substrates (Table 1) . DHFRs have been purified from a variety of organisms and models based on crystal coordinates have been used to determine the molecular mechanisms involved in DHFR catalysis (Hammes 2002) . Although Drosophila DHFR has not been crystallized, the insect and human enzyme share 17/24 of the residues involved in cofactor and substrate binding, allowing the judicious use of the mammalian coordinates for structural studies. Overall Drosophila DHFR shares a 49% identity to mammalian DHFRs (Hao et al. 1994 ) and like the mammalian enzyme, is inhibited by aminopterin and MTX but uninhibited by the bacterial DHFR inhibitor, trimethoprim and the plasmodium DHFR inhibitor, pyrimethamine (Affleck et al. 2006a ). Although MTX is a tight-binding competitive inhibitor of both Drosophila and mammalian DHFRs, the K d for the Drosophila DHFR is 860 pM, a value 10 to 1000 times higher than mammalian DHFRs (Rancourt and Walker 1990) . It is presumed that the few non-conserved active site residues may contribute to this higher K d .
Despite the similarity in mammalian and Drosophila DHFRs, the genes that encode this enzyme and regulation of transcription are distinct. This is not surprising however, when considering the difference in genome organization of mammals and Drosophila (von Sternberg et al. 1992) . The Drosophila genome is quite compact as exemplified by the 1 kb Dhfr gene with a lone 50 bp intron and a single TATA sequence for transcription initiation (Hao et al. 1994) . In contrast, the mammalian genes are more complex. The human DHFR gene spans 30 kb with a total of 5 introns ranging from 362 to 12,000 bp and it is controlled by both a major bidirectional promoter with a Sp1 consensus sequence and a minor bidirectional promoter with several Sp1-binding sites (Chen et al. 1984) . The higher complexity of the mammalian DHFR argues that a simpler insect model may be valuable in understanding the genomic responses to MTX.
Antifolate inhibition of dihydrofolate reductase
Any chemical that interferes with folic acid metabolism is termed an antifolate. Folate and MTX both have a pterin ring, aminobenzoic acid, and a minimum and maximum of 1 and 6 glutamates, respectively. The fundamental difference between folate and most antifolates designed for mammalian therapy is a substitution of the hydroxyl at the C4-position of the pterin ring for an amino group. MTX, in addition to the C4-amino group, has a methyl group at N10. These changes to the structure are sufficient to make MTX a potent inhibitor of DHFR, and thus a valuable pharmaceutical (McGuire 2003) . Indeed, MTX is used for the treatment of a wide variety of cancers (Huennekens 1994) as well as for the treatment of ectopic pregnancy (Fernandez et al. 1998) , inflammatory skin disease (Goujon et al. 2006 ), Crohn's disease (Sun and Das 2005) , rheumatoid arthritis (Nakazawa et al. 2001) , and systemic lupus (Wise et al. 1996) . However, MTX is a well known teratogen and therefore must be prescribed with caution to women of reproductive age (Lloyd et al. 1999; Lewden et al. 2004) . Embryonic lethality has been observed in developing embryos of many mammalian systems, including rat (Vinson and Hales 2002) , mouse (Darab et al. 1987) , rabbit (DeSesso and Goeringer 1991) and cat (Khera 1976) .
Inside the cell, MTX competes with folate and DHF for the active site of DHFR and is transported and modified by the same cellular factors. Reduced folate carrier (RFC), folate receptor (FR), and low pH transporters are used for cellular uptake of folate and MTX in mammals (Brzezinska et al. 2000) . Once inside the cell both folate and MTX are polyglutamated by folylpolyglutamate synthase (FPGS) Rancourt and Walker (1990) b From Jarabak and Bachur (1971) c From Srimatkandada et al. (1983) Cytotechnology (2008) 57:1-9 3 (Gorlick et al. 1999 Once in the cell, the affinity of DHFR for MTX is much higher than for either folic acid or DHF (Appleman et al. 1998 ) so that the enzyme-bound MTX leads to partial or complete depletion of reduced folate levels and in turn, the inhibition of processes involving folate derivatives. DNA synthesis is compromised when levels of 5,10-CH 2 -THF are reduced as the thymidylate synthase cycle requires this THF derivative to donate a methyl group to dUMP for synthesis of de novo dTMP. It is this DNA inhibition that is thought to cause most of MTX's cytotoxicity (McGuire 2003) . Purine synthesis by glycinamide ribonucleotide and 5-aminoimidazole-4-carboxamide ribonucleotide is also affected by a deficiency of reduced folates, further disrupting DNA synthesis as well as RNA synthesis. Homeostatic levels of certain amino acids are affected as well as S-adenosylmethionine, which is essential for correct gene expression (McKay et al. 2004 ).
MTX resistance and expression of Drosophila DHFR in mammalian cells
In humans one of the consequences of using MTX therapy for various diseases, including certain cancers, is that the treated somatic cells can mutate such that cell division is no longer inhibited at that concentration. The dosage can be increased, with the possible consequence that an increased level of resistance results. In human cells this resistance is due to decreasing drug influx, increasing drug efflux, decreased polyglutamation, amplification of DHFR, mutations producing an altered DHFR, or a combination of these mechanisms. The conservation of DHFR function and the catalytic amino acid residues in Drosophila and mammalian cells (Hao et al. 1994) is also reflected in mutations recovered after MTX selection in both systems. ''Hot spot'' residues in mammalian cells include mutations at L22 and L31 that alter DHFR structure to decrease the binding affinity of MTX within the active site (Dicker et al. 1989; Meisel et al. 2003; Cody et al. 2005) . These residues correspond to L22 and L30 in Drosophila DHFR, and substitution of residues at these positions also provide MTX resistance to mammalian cells after transfection (Affleck et al. 2006a) . Drosophila DHFR with a L22R substitution allowed mammalian cells to continue to divide in concentrations of MTX that were 200-fold higher than the levels conferred by transfection of wild-type Drosophila DHFR and 2-fold higher than L22R murine DHFR (Simonsen and Levinson 1983) . Significantly, this is the highest level of MTX resistance observed by a single amino acid substitution in a mammalian cell line. Such experiments offer the promise that highly resistant DHFR mutations could confer myeloprotection during chemotherapy treatment. Drosophila DHFR with a L30Q mutation, originally obtained from MTXselected Drosophila cell line, also provided protection from MTX cytotoxicity allowing cell division even at a concentration of 2 lM MTX (Affleck et al. 2006a ). This demonstrates that Drosophila DHFR is not only fully functional in mammalian cells but that mutations analogous to mammalian ''hot spot'' residues in Drosophila DHFR can similarly provide MTX resistance.
It is curious that a common mechanism of acquisition of a resistant phenotype in mammalian cells is by gene amplification yet in Drosophila, resistance has only been observed to occur by mutation to Dhfr producing a MTX-resistant DHFR. It is unclear if differences in gene structure and/or genome organization between Drosophila and mammals may play a role in the observed difference in the preferred method of acquired drug resistance. To investigate if gene structure is involved, Drosophila Dhfr cDNA was transfected into Chinese hamster ovary (CHO) cells with no endogenous DHFR and together with wild-type CHO cells were selected for MTX resistance over 19 months. Drosophila Dhfr amplification appears to have been a mode of acquired resistance in at least some of the CHO cells transfected with Drosophila Dhfr (unpublished observations). This observation and the similar effect of MTX on mammalian and Drosophila cells in culture implies that the observed difference in acquired resistance between these two eukaryotic cells cannot be attributed to differences in cell physiology or in DHFR gene structure. Thus, it is likely the difference in overall genome organization explains the lack of Dhfr amplification in Drosophila cells.
MTX-induced developmental effects
Although targeting of DHFR by antifolates is undisputedly the major contributor of toxicity and teratogenicity, other potential targets, either directly or indirectly, may contribute to the observed harmful effects of these drugs, and these can be best examined using expression profiles in response to treatment. Control and MTX-exposed Drosophila Schneider's (S3) cell lines were compared using microarrays. Remarkably, a large number of changes were observed; perturbed transcripts levels associated with cell cycle regulation, metabolism, signaling, transport, and defense response were apparent and subsequently confirmed using quantitative real-time RT-PCR (Table 2) (Affleck et al. 2006b ). Similarly, Drosophila ovarian tissues showed a substantial number of overlapping, altered transcript levels in response to MTX. Studies with mammalian cells also showed that a large number of transcripts were affected with a majority of these transcripts unrelated to folate biosynthesis. Although the response of some of the transcripts identified is a predictable response to a toxin, the role of many of the perturbed transcripts is still not clear. These observations underscore the difficulty in understanding cytotoxity. Although as mentioned, earlier studies implicated impaired DNA synthesis in MTX toxicity, technological advances now show that a myriad of transcriptional changes actually occur.
It is important to note that microarray analyses in mammals include tissue taken directly from laboratory animals (Huang et al. 2004; Ganter et al. 2005) , tissue biopsies (Takata et al. 2005) , or cell lines (Brachat et al. 2002) . Unfortunately these studies are limited due to the inevitable sacrifice of large numbers of mammalian subjects or by the availability of tissues and impractability of many experimental manipulations. With the demonstration of the similar response in expression arrays in Drosophila however, limits to sample availability and experimental design are virtually eliminated, and there is not the ethical dilemma of deliberately exposing mammalian fetuses to this powerful teratogen.
Drosophila, similar to mammals, have a pair of ovaries, and although the fertilized egg does not implant in the Drosophila uterus, mothers provide their offspring with essential factors for development during oogenesis through follicle and nurse cells until the progeny are sufficiently developed in the larval stage to obtain their own nutrition (King 1970 ). Therefore, not surprisingly, maternal MTX exposure in female flies produces developmental abnormalities, including abnormal tufts of bristles, appendage curvature, and eye and wing deformities in some surviving progeny (Affleck et al. 2006b ). As well, flies exposed to increasing concentrations of MTX show a dose-and time-dependant reduction in egg production reflecting pre-embryonic lethality (Affleck et al. 2006b ). After 2 days of exposure to either 4.4, 11, 22, or 44 lM MTX, egg production was reduced to 61%, 61%, 35%, and 22%, respectively, when compared to untreated female egg production. Egg production on day 3 was reduced to less than 25% of untreated controls at all MTX concentrations. By day 4 no oviposition was observed by females exposed to MTX, thereby emphasizing that DHFR inhibition is also the major contributor to teratogenicity in Drosophila and strengthening the attractiveness of a Drosophila model for the understanding of antifolate-induced toxicity and teratogenicity.
Rescue of MTX-induced teratogenesis by MTX-resistant DHFRs
MTX can cause irreversible damage during fetal development; however, the value of MTX as a therapeutic agent is indispensable. Therefore, endeavors to ''rescue'' mammalian fetuses from the teratogenic effects of antifolate therapy have been attempted. In rabbits, a structural analog of THF, leucovorin, has been shown to lessen the teratogenic effects caused by MTX (DeSesso and Goeringer 1991). In addition to folate analogs, expression of ''drug-resistant'' DHFRs have been used to protect against teratogenicity. L22R DHFR has been constitutively expressed in transgenic murine embryos and placental tissue and results in the amelioration of the teratogenic effects of MTX (Sutton et al. 1998 ). Mice Cytotechnology (2008) 
receiving a bone marrow transplant of marrow expressing either L22R or F31S provided chemoprotection from lethal and sublethal toxic effects of MTX, respectively (May et al. 1995) . Since Drosophila DHFRs with either a L22R or L30Q mutation permitted mammalian cells to divide in concentrations of MTX 200-fold and 2-fold higher, respectively, than control cells expressing wild-type Drosophila DHFR, fly lines ubiquitously expressing these mutations under the control of a UAS-GAL4 system were created (Affleck and Walker 2007) . Unexpectedly, despite the observed high tolerance of the mammalian cells expressing L22R DHFR, expression of this mutant DHFR in flies did not provide protection to developing embryos when compared to control flies (either non-transgenic flies or transgenic flies expressing an extra copy of wild-type Drosophila DHFR) (Affleck and Walker 2007) . Although the L22R enzyme does not appreciably bind MTX, it also does not reduce DHF at a rate sufficient to protect fertility (Affleck et al. 2006a) . These experiments emphasize the importance of using whole organisms to test observations made in vitro and ex vivo.
Conversely, transgenic flies expressing L30Q DHFR continued to produce viable offspring at a concentration 10-fold higher (1 lM MTX) than control lines. Transgenic L30Q DHFR flies produced stage 9-14 follicles ( Fig. 1 ) and oviposited for a 21 day period even when exposed to 1 lM MTX. In contrast, at this MTX concentration, follicle maturation in ovaries of all other fly lines was not observed after day 4 ( Fig. 1) and oviposition ceased post-day 4. When the L30Q transgene expression was driven solely in ovaries using specific promoters, a similar result was observed, suggesting the resistant enzyme must be expressed in ovarian tissue to protect the developing oocytes. All fly lines ceased oviposition after 4 days when exposed to 10 lM MTX. Interestingly, if MTX exposure was terminated after 13 days, L30Q transgenic flies recovered (regaining the ability to produce stage 9-14 follicles and oviposit), whereas, all other fly lines did not. These results have important implications for the ''rescue'' of mammalian fertility after MTX therapy at high dosages.
The generation of MTX-resistant, transgenic Drosophila provides unique experimental subjects to examine not only the morphological effects of teratogenesis but also the recovery of transcript homeostasis. As previously mentioned, MTX 
a Exposed to 0.024 ppm MTX for 5 days (Affleck et al. 2006b) b Females were exposed to 5 ppm MTX for 5 days before isolating ovaries (Affleck et al. 2006b) c Females were exposed to 1 lM for 5 days before isolating ovaries (Affleck and Walker 2007) perturbs transcript levels involved in cell cycle, transport, signaling, transcription, and defense. A subset of these perturbed transcripts were analyzed from the ovaries of MTX-resistant fly lines and compared to control flies. The outcome was that a majority (12/14) of the transcripts appeared to be rescued (transcript abundance was similar to untreated controls) in the transgenic flies (Table 2 ) (Affleck and Walker 2007) . Although two transcripts were still not at control levels, these messages were less affected than those from non-transgenic control females exposed to the same concentration of MTX. Taken together, these studies show that Drosophila is indeed an excellent model to investigate drug toxicity, teratogenesis, alterations to transcript abundance, and rescue of antifolate-induced toxicity.
The future of Drosophila in drug research
Drosophila is an attractive organism due to the conserved gene function between the fly and humans, the short generation time, fully sequenced genome, and the availability of a wide range of scientific tools and manipulations. Currently, there are many other examples of genetic, biochemical, and behavioral research that are conducted using the invertebrate Drosophila. Here we have presented one case for the use of Drosophila to study the developmental and cytotoxic effects of a common human pharmaceutical, thereby preventing the sacrifice of mammalian animals and embryos. These studies have laid the ground work for both understanding the effects of other harmful pharmaceuticals and for future testing of potential harmful drugs in a non-vertebrate, whole organism system. For these reasons and many more, the use of Drosophila in research will continue to grow and provide the scientific community with valuable knowledge for at least the next 100 years. 
